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ABSTRACT 

The  oxidation  characteristics  of  vanadium  contaminated  sur¬ 
faces  as  affected  by  various  treatments  are  described.  It  was  found 
that  coatings  of  the  alkaline  earth  oxides  substantially  reduce  the  cor¬ 
rosion  of  25-20  chromium-nickel  steel.  Treatments  are  described  in 
sufficient  detail  to  permit  the  development  of  procedures  for  applying 
the  remedial  substance  to  an  actual  boiler. 


f 


i 


trded  by 


Brown 
:n,  USN 


E.  E.  S.  REPORT  040088 


ADMINISTRATIVE  INFORMATION 

This  investigation  was  authorized  by  Bureau  of  Ships  letter 
S5I/I-1  (343)  serial  343-96  of  21  February  1955. 
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REPORT  OF  INVESTIGATION 


INTRODUCTION 

Fireside  metal  supports  and  similar  parts  are  subject  to  a 
rapid  and  catastrophic  deterioration  when  contaminated  with  vanadium 
oxides.  Source  of  vanadium  is  residuum  fuel  derived  from  crudes  of 
certain  areas  of  the  world.  The  seriousness  of  this  problem  is 
increasing  steadily  because  of  a  continuing  trend  toward  higher  operat¬ 
ing  temperatures  in  fuel  burning  equipment.  If  remedial  measures  are 
not  fourid,  economies  inherent  in  the  utilization  of  fuels  from  various 
sources  together  with  common  bunkering  may  be  curtailed.  As  a  com¬ 
plete  solution  to  this  problem  is  not  at  hand,  it  would  seem  expedient  to 
consider  Available  means  for  extending  the  service  life  of  equipment 
under  prevailing  contaminating  conditions. 

Findings  from  an  initial  survey  of  remedial  surface  treatments 
to  combat  accelerated  oxidation  of  fireside  surfaces  were  presented  in 
reference  (a).  These  treatments  were  aimed  at  reducing  the  corrosion 
of  surfaces  which  had  been  contaminated  under  the  combustion  of 
vanadium-bearing  fuel  oil.  Of  the  treatments  studied,  those  relying  on 
alkaline  earth  oxides  proved  most  effective. 

Additional  findings  in  the  investigation  of  remedial  treatments 
including  the  long-term  effectiveness  of  calcium  oxide  are  presented  in 
this  report.  The  relative  effectiveness  of  a  number  of  other  substances 
is  also  shown.  Other  results  include  the  effect  of  surface  treatments 
on  the  water  solution  and  removal  of  vanadium-bearing  slags  and  scales. 

METHOD  OF  TEST 

The  effectiveness  of  various  surface  treatments  in  reducing 
accelerated  oxidation  of  contaminated  25-20  Cr-Ni  steel  was  determined 
by  the  oxygen  consumption  test.  A  description  of  this  test  is  contained 
in  reference  (a).  Briefly,  the  test  measures  the  volume  of  oxygen  con¬ 
sumed  by  an  oxidizing  surface.  The  tests  reported  herein  were  con¬ 
ducted  at  1600°F  and,  except  where  indicated  as  otherwise,  had  a 
duration  of  three  hours. 
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RKSUl.TS  OF  TEST 

Kffcct  of  Certain  Metallic  Oxides  on  the  Oxygen  Consumption  of  Labora- 
tory  Contaminated  Specimens 
•  • 

Varicfus  oxides  were  applird  to  specimens  of  25-20  Cr-Ni 
%  ° 

•tccl.  These  specimens  were  precontaminated  in  a  pseudo-ash  consist¬ 
ing  of  37%  V2O5,  49%  NnV03,  and  147«  Na^S04.  The  specimens  were 
contaminated  by  immersing  them  in  the  ash  for  two  hours  at  I  600  #F. 
This  treatment  developed  a  surface  which,  when  subset  -  ntly  tested, 
had  a  total  oxygen  consumption  of  approximately  100  cc/sq  in  for  three 
hours.  This  level  of  consumption  is  equivalent  to  that  found  for  the 
most  severely  service  contaminated  tube  support  plate  tested  to  date. 


Thick  water  slurries  of  the  following  metallic  oxides  were 
applied  to  precontamina*ed  specimehs.  Two  coats  were  brushed  on  to 
the  surface  and  dried  for  five  minutes  at  1400  *F.  Only  one  oxide  was 
applied  to  a  particular  specimen. 


Cupric  Oxide 
Barium  Monoxide 
Cadmium  Oxide 
Titanium  Dioxide 


Chromium  Trioxide 
Manganese  Dioxide 
Nickelic  Oxide 
Cobaltic  Oxide 


The  oxygen  consumption  of  coated  and  uncoated  specimens 
were  determined.  Results  of  these  tests  are  tabulated  in  Table  1.  The 
effectiveness  of  the  various  oxides  in  arresting  accelerated  oxidation 
is  indicated  in  Figure  1.  Included  in  this  figure  are  data  on  the  alkaline 
earth  oxides  previously  reported  on. 


It  Is  apparent  that  of  the  substances  tested  only  cadmium 
oxide  approaches  the  effectiveness  of  alkaline  earth  oxides  in  remedial 
action.  Surprisingly,  barium  monoxide  was  not  nearly  as  effective  as 
the  peroxide  or  hydroxide.  Poorest  showing  was  made  by  chromium 
trioxide  which  greatly  intensified  the  corrosive  action* 

In  order  to  more  firmly  establish  the  oxide  application  as  a 
sound  remedy,  the  long  term  effect  of  a  calcium  oxide  coating  was 
examined.  Oxidation  characteristics  of  coated  and  uncoated 'specimens 
were  determined  over  a  period  of  165  hours.  The  remedy  consisted 
only  of  the  initial  application  of  calcium  oxide.  The  results  are  shown 
in  Figure  2.  It  is  apparent  that  this  remedy  is  highly  effective  even  for 
extended  periods  of  time.  A  photograph  of  the  specimens  after  test  is 
shown  in  Figure  3.  The  protection  afforded  is  striking  as  the  untreated 
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Tabic  1 

Results  of  Oxygen  Consumption  Tests  of  Remedial  Coatings 
Coatings  Applied  to  Laboratory  Contaminated  Specimens 


" 

Remedial  Coating 

Total  Oxygen 
Consumed 

Pc r  Sq  In  -  CC 

%  Red,  of 
Accelerated 

1  Hr 

2  Hr 

3  Hr 

Oxidation 

None 

44 

94 

135 

— 

Cadmium  oxide  slurry,  CdO  cp 

8 

16 

26 

81 

Nickclic  oxide  slurry,  NijO^ 

22 

45 

64 

53 

Barium  oxide  slurry,  BaO  purified 

20 

49 

75 

44 

Cobaltic  oxide  slurry,  C02O3 

26 

60 

86 

36 

Cupric  oxide  slurry,  CuO 

27 

60 

91 

33 

Manganese  dioxide  slurry,  Mn02 

45 

85 

122 

10 

Titanium  dioxide,  Ti02 

46 

93 

139 

-2 

Chrorfuum  trioxidc,  ‘Qr03 

87 

169 

242 

-79 

Figure  1 

Effectiveness  of  Remedial  Substances  in  Arresting 
Accelerated  Oxidation  of  Laboratory  Contaminated  Specimens 
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JTENSIFYING  ARRESTING 


A  *  Contaminating  scale  removed  -  untested. 

B  =  Contaminating  scale  intact  -  untested. 

C  *  Remedied  with  CaO  coating  -  tested  165  hour*  at  1600*F 
D  =. Unremedied  -  tested  165  hours  at  1600*F. 


Figure  3 

Accelerated  Oxidation  Test  Specimens 
Showing  Effect  of  CaO  Remedy 
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specimen  was  largely  consumed,  whereas  the  coated  specimen  showed 
comparatively  little  damage.  Of  particular  interest,  is  the  persistent 
high  rate  corrosion  of  the  uncoated  specimen.  As  no  replenishment  of 
surface  contaminant  was  made,  the  accelerant  appears  to  be  neither 
consumed  or  diluted  during  oxidation. 

Effect  of  Certain  Metallic  Oxides  on  the  Water  Solubility  of  Slags 

.  The  effect  of  alkaline  earth  oxide  applications  on  water  solu¬ 
bilities  of  vanadium  siags  was  studied.  Pseudo  slags  consisting  of 
V2O5  with  various  proportions  of  CaO,  MgO,  and  BaO  were  prepared 
and  thei»  solubilities  determined.  A  sample  of  service  slag  was  treated 
with  CaO  and  likewise  tested. 

Results  of  slag  solubility  tests  are  shown  in  Table  2.  Addi¬ 
tions  of  CaO  and  especially  MgO  to  vanadium  pentcxide  greatly 
increased  the  water  solubility  of  the  resulting  slag.  On  the  other  hand 
the  additions  of  BaO  has  little  effect.  Apparently  an  optimum  quantity 
for  maximum  solubility  exists  for  both  CaO  and  MgO.  This  appears  to 

be  between  8  to  20%  for  CaO  and  about  18%  for  MgO. 

♦ 

Included  in  Table  2  is  the  service  slag  from  the  USS 
CARPELL OTTi.  The  solubility  increase  affected  by  CaO  is  not  so 
pronounced.  However,  the  slag  itself  contained  11%  total  of  calcium 
and  magnesium  (see  reference  (d)).  Thus,  on  heating  to  1600  *F,  con¬ 
siderable  solubility  was  induced  by  substances  already  in  the  slag. 

The  phase  diagram  of  the  V2O5  -  CaO  system,  as  depicted 
by  Morosov  m  reference  (b),  is  presented  in  Figure  4.  Calcium  vana¬ 
dates  are  shown  at  23,  38,  and  48%  CaO.  These  correspond  to  mol 
ratios  of  1:1,  12,  and  1'3  of  V2O5  CaO,  respectively.  A  eutectic  at 
8%  CaO  is  also  shown.  Mcilor,  m  reference  (c),  states  that  various 
V2O5  •  CaO  x  H2C  compounds  are  water  soluble.  Deposits  of  these 
compounds  are  found  in  nature. 

The  results  presented  m  Table  2  show  that  slags  formed 
from  1:2  and  13  mixtures  of  V^O^.CaO  and  V^O^  MgO  were  much  less 
water  soluble  th«n  the  1  1  mixture  slags.  Also,  the  water  «olubihty  of 
the  tic  slag  was  quit?  low: 
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Effect  of  Water  Washing  on  the  Removal  of  Scale  from  Laboratory  and 
Service  Contaminated  Specimens 

The  amount  of  scale  removed  in  washing  vanadium  contami- 

| 

nated  surfaces,  represented  by  laboratory  and  service  specimens,  was 
investigated.  The  laboratory  specimens  were  precontaminated  as 
described  earlier.  The  service  specimens  were  removed  from  three  • 
failed  superheater  tube  support  plates.  These  plates  exhibited  vastly 
different  surface  conditions  and  probably  represent  variations  in 
service  operation.  The  plate  from  the  USS  CARPELLOTTI  was  heavily 
slagged  and  had  a  heavy,  glazed  black  underlying  scale.  Very  little 
metal  wastage  was  apparent.  The  USS  MALOY  plate  exhibited  a  tight, 
thin  reddish  scale  over  a  smooth  metal  surface.  No  slag  was  present 
on  the  surface  but  considerable  thinning  of  plate  had  occurred.  The 
USS  LEE  plate  exhibited  a  rough,  porous,  lumpy,  brown  scale  over  a 
roughly  contoured  metal  surface.  No  slag  was  adhering  to  the  surface 
and  moderate  thinning  had  occurred. 

The  above  specimens,  as -contaminated,  annealed,  and 
coated  and  annealed  conditions,  were  given  two  45-minute  immersions 
in  190  *F  water.  No  mechanical  cleaning  action  was  done.  The  extent 
of  scale  removal  was  determined  by  weight  loss  and  visual  observation. 

*  « 

ftesults  of  the  tests  are  shown  in  Table  3.  The  prewashing 
treatments  promoted  spalling  and  handling  losses,  which  preclude 
weight  loss  comparison  between  the  various  specimens.  Indications 
are,  however,  that  MgO  induces  greater  scale  removal  than  does  CaO. 
The  effect  of  such  treatments  on  accelerated  oxidation  of  25-20  Cr-Ni 
steel  is  shown  in  the  next  section. 

Effect  of  Remedial  Treatments  on  the  Oxygen  Consumption  of  Labora- 
tory  and  Service  Contaminated  Specimens 

Oxidation  characteristics  of  contaminated  25-20  Cr-Ni  steel 
surfaces  treated  by  various  remedial  methods  were  determined.  Prior 
to  remedial  treatment,  the  laboratory  specimens  were  contaminated 
with  sulfur  bearing  or  nonsulfur  bearing  pseudo- vanadium  ylags.  The 
service  specimens  were  as  described  in  the  prcc ethng  section.  The 
following  treatments  were  applied  before  the  oxygen  consumption  test: 

i.  Treatment  A  -  Water  wash. 

Z.  Treatment  B  -  Anneal  at  1600 *F  and  water  wash. 
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Table  3 

Results  of  Water  Washing  Contaminated  Surfaces 
(Specimens  Immersed  in  190  *F  Water) 


sp«  C  ! Ilifl 

I'rr r  rd\  1  rm^.fiir 

VroiC^t 
L»o  *i  5  't 
'\«t(  r 

W  Af* 

i  r  - 

Observed  Surface  Change 

Dr  to  V.atr r  Wash 

C  -»nr>c 

i  *  <-.  i.  <  t 

Pri-  -  •*. 

Laoor.«*nrv  • 

Iwnr 

Nonr 

c*o 

CaO 

c*o 

MfO 

**one 

U0CmF 

I*  *Y  mrse^I 

1  * 

1  6S  hr  1  e  f'O 

lr»00*F  anneal 

0  ! 

u  om? 

v 

0.  0^7 

0.  Ifi 

0  177 

Si  m r  spa ’line  at  cosje* 

N<  *  t 

Sr*  <>*  tK  «*»:  of  s.j  rf  *i  r 

S*j  cr**r  kt»e  * u rf  »<*» 

Sr*  •(»!'  *:ts»  «  f  «■  .rfat  r 

1’  reaped  poros.tv,  o'  s*,rfac* 

lube  s.*ppor#  pirttc  from 
VS5  CAKPEULOTTJ 

if 

None 

lb00*f  Hritiral 
WOt  *F  amra1 
IfcOO'F  ir.nea! 

0  P 

(  1Q< 

0.  OS* 

0  £>'< 

C>' j  gra*.  *<»  brov-n 

I**e  rrasec  por**sit\ 

Scale  r**  uo^rH  fro:»  Ja  r  ureas  * 

Stu*'*  rernc’  fd  from  larpe  ureas 

Tat»c  s  jpfvori  oUte  Iron » 

”5S  va:  oy 

mi 

■STM! 

None 

S'00*F  anv4‘ 

It  »0*h  annea 

t>  CO.’ 

0  010 

0  (>“. 

0  CJJ 

Co. or  (f  »!>ge,  red  to  black 

N't*  clans'*  j 

SrrioctM'iC  u{  t  j'facr  | 

•  ncre-crd  rn>-v*tr.  | 

:*  rss  i.bh 

Ife00*f>  »n*iral 
1VK>*F  ar.-.r^: 

0.  ]  *i  i  N&  appate*,;  thrt'iPf  | 

0  07/  ^  Ircr?  *sc*i  poroM*;  -  crumblv 

0  13^  1  Srrootkd‘T  of  j^-Jare  ] 

*  2*  Cr-f?j  jtetfi  pyMairiS  ki  >uilur  Itta  ring  \  ^i-sadi  m.  ,g 


3.  Treatment  C  -  Calcium  oxide  coat. 

4.  Treatment  D  -  Calcium  oxide  coat,  anneal  at  1  600  *F, 
and  water  wash. 

Figures  5, to  9,  inclusive,  show  oxidation  curves  for  the 
above  treatments  and  specimens.  Examination  of  these  curves  reveals 
that  Treatment  D  is  generally  more  effective  than  Treatment  C.  Both 
treatments  substantially  reduce  the  corrosion  from  nonsulfated,  high 
intensity,  vanadium  slags  as  well  as  from  sulfated,  low  intensity, 
vanadium  slags.  The  same  treatments  were  also  substantially  effective 
when  applied  to  the  service  contaminated  surfaces. 

DI5CTJSSIOH 

Details  of  the  various  remedial  methods  investigated  are  dis¬ 
cussed  in  appropriate  sections  under  Results  of  Tests. 
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TREATMENT  a- 

rtATER  *AS* 

B 

ANNEA*  ♦  *AtE*< 

C 

CaC  ‘‘j*~ 

z> 

''oO  COAT  ANNE  A. 

>  .00 


0  20  40  60  80  100  120  140  160  ISO  200  220  240  260  280  300 

TIME  —  mm 

Specimen  -  25-20  Cr-Ni  Steel 
Slag  -  63%  Na VO3  -  37%  V205 

Figure  0 

Effect  of  Remedial  Treatments  on 
Surfaces  Contaminated  in  High  Intensity  Nonsulfated  Slag 


0  20  40  60  80  100  i20  140  16O  ‘80  200  220  24 C  260  280  300  320 

TIME  —  m.n 

Figure  7 

Effect  of  Remedial  Treatments  on  USS  CARPELLOTTI  Tube  Plate 


OXYGEN  CONSUMED*  cc/m  of  surface 
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Results  of  these  laboratory  tests  indicate  that  the  accelerated 
oxidation  of  fireside  surfaces  induced  by  vanadium  slags  can  be  con¬ 
trolled  by  the  application  of  certain  substances  to  the  contaminated 
surfaces.  Substantial  reductions  in  corrosion  intensities  of  pseudo¬ 
slags  and  service  induced  fireside  scales  oc  .urred  when  alkaline  earth 
oxides  were  applied.  Calcium  oxide  and  magnesium  oxide  not  only 
inhibited  corrosion  but  conditioned  the  slag  and  scale  for  easier  removal. 
Of  the  two,  calcium  oxide  performed  more  consistently  in  the  tests. 

Also,  test  data  presented  in  reference  (a)  showed  that  hydrated  lime 
was  as  effective  as  chemically  pure  calcittm  oxide. 

Suitable  techniques  for  the  application  of  these  remedial  sub¬ 
stances  to  boilers  m  service  would  have  to  be  developed.  It  would  seem 
that  this  is  a  task  for  a  boiler  operating  agency.  The  test  data  merely 
point  out  features  that  should  be  considered  when  setting  up  a  procedure. 
Two  treatments  are  visualized-  one  for  use  when  the  boiler  is  steaming 
or  in  stand-by  status;  the  other  for  when  the  boiler  is  on  down  time  as 
during  repair  or  overhaul.  The  sensitive  fireside  surfaces  should  be 
coated  periodically  with  an  alkaline  earth  oxide  or  mixture  of  oxides. 

This  assumes  that  a  procedure  for  applying  the  coating  during  steaming  • 
and  stand  by  can  be  worked  out.  The  frequency  of  application  and  the 
amount  of  oxide  required  will  be  determined  by  the  following  factors. 

(a)  vanadium  content  of  fuel  ash.  (b)  amount  of  fuel  fired,  and  (c)  visual 
observation  of  slag  deposition.  For  example,  firing  an  oil  high  in  equiv¬ 
alent  V2O5  which  exhibits  a  high  deposition  rate,  would  require  more 
frequent  and  heavier  application  than  for  an  oil  low  in  V2O5  with  an 
equal  deposition  rate,  or  one  high  in  V2O5  with  a  low  deposition  rate. 

In  reference  (e)  it  was  shown  that  the  amount  of  V2O5  occurring  in  fire¬ 
side  deposits  is  about  40%  of  that  found  by  oil  ash  analysis.  Calcium 
oxide  in  an  amount  equal  to  23%  of  equivalent  V2O3  in  the  fireside  deposit 
is  needed  for  stoichiometric  balance. 

1 

These  vanadium  bearing  slags  when  coated  with  calcium  or 
magnesium  oxides  and  heated  for  a  time  form  water  soluble  compounds. 
These  compounds  are  formed  within  the  temperature  range  1150*  to 
1450*F.  Tests  have  indicated  that  two  hours  at  this  temperature  is 
sufficient  to  effect  this  change.  It  should  be  possible  to  remove  the 
loosely  adherent  portions  with  sootblowers  or  air  lances.  Water  wash¬ 
ing  should  be  effective  for  removing  a  considerable  portion  of  the  cor¬ 
rosive  substance  from  the  remanent  slag.  Prior  to  firing  again, 
susceptible  surfaces  should  be  coated  with  the  oxide  material. 
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CONCLUSIONS 

The  following  «  onclusior.s  are ‘derived  from  the  foregoing 
information  togcthei  with  data  presented  in  reference  (a). 

Ac  .derated  oxidation  of  2S-20  chromium-nickel  steel 
surfaces  contaminated  with  vanadium  can  be  reduced  substantially  by 
the  application  of  alkaline  earth  oxides. 

Reduced  corrosion  rates  resulting  from  alkaline  earth  addi¬ 
tions  are  maintained  when  there  is  r.o  further  contamination. 

Results  of  the  long-term  test  (165  hours)  have  indicated  that 
the  active  contaminant  of  a  corroding  slag  system  is  neither  consumed 
nor  diluted  during  the  ac  ;elerated  oxidation  of  25*20  chromium-nickel 
steel. 


Certain  substances  as  boric  acid,  silicon  and  chromium 
trioxide  intensify  the  corrosivity  of  vanadium  bearing  slags. 

Calcium  oxide  and  magnesium  oxide  additions  increase  the 
water  solubility  of  vanadium  bearing  slags. 

Surface  Treatments  C  and  D,  as  described  in  the  report, 
substantially  reduce  the  ac  -.derated  oxidation  potential  of  vanadium 
bearing  slags  and  scales. 

RECOMMENDATION 

It  is  recommended  that  consideration  be  given  to  trying  out 
the  remedial  treatments  described  in  this  report.  The  trials  should  be 
made  by  a  naval  boiler  operating  agency 
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